Large scale pilot plants are currently demonstrating the feasibility of the Calcium-looping (CaL) technology built on the multicyclic calcination/carbonation of natural limestone for postcombustion and pre-combustion CO 2 capture. Yet, limestone derived CaO exhibits a drop of conversion when subjected to multiple carbonation/calcination cycles, which lessens the efficiency of the technology. In this paper we analyze a novel CaL concept recently proposed to mitigate this drawback based on the introduction of an intermediate stage wherein carbonation is intensified at high temperature and high CO 2 partial pressure. It is shown that carbonation in this stage is mainly driven by solid-state diffusion, which is determined by the solid's crystal structure.
I. INTRODUCTION

10
The multicyclic carbonation/decarbonation of CaO plays a central role on an increasing in a fluidized bed reactor at contact with the inlet gas containing a low concentration of 15 CO 2 (typically around 15% vol in postcombustion gas) after which the partially carbonated 16 particles are circulated into a second reactor where decarbonation takes place by calcination.
17
In the calciner, a stream of CO 2 is released for storage while CaO particles are regenerated 18 to be used in a new cycle. Due to practical constraints imposed for post-combustion CO 2 19 capture (such as short residence times, low CO 2 concentration for carbonation and high 20 CO 2 concentration in the calciner) and taking into account the tradeoff between the reaction 21 kinetics and equilibrium driving force, carbonation is carried out at temperatures around 22 
650
• C whereas calcination requires temperatures above 850
.
23
Thermogravimetric analysis (TGA) tests have demonstrated that carbonation of CaO
24
progresses through two well differentiated phases [5, 6] . The CaO skeleton is partially 25 carbonated in a first kinetically-controlled fast phase until a 30-50 nm thick layer of CaCO 3 is 26 built up on the solid's surface. From this point, carbonation proceeds at a much slower rate.
27
Early TGA tests reported by Bhatia and Perlmutter [7] indicated that this slow phase would 28 be controlled by the solid-state diffusion of CO it with fresh limestone in order to achieve a sustained high level of CO 2 capture efficiency,
46
which increases the demand of heat in the calciner and the overall cost of the process [16] [17] [18] .
47
Introducing a recarbonation stage between carbonation and calcination has been pro-
48
posed as a practically feasible procedure to attenuate the rate of limestone deactivation and 49 increase its residual conversion [19] [20] [21] . Accordingly, a novel CaL concept is based on fur-50 ther carbonating the partially carbonated particles in an intermediate reactor operated at 51 high temperature (around 800
• C) and high concentration of CO 2 available from the calciner.
52
Upon calcination of the recarbonated sorbent, CO 2 escaping from the solid inward skeleton 53 would leave behind a regenerated CaO sorbent with enhanced porosity and surface area [22] .
54
The evolution of the sorbent when subjected to multiple carbonation/calcination cycles 55 has a great influence on the efficiency of the CaL technology derived from process simu-
lations and economic analysis [9, 16, 20, 21, 23, 24] . In particular, solid-state diffusion, 57 which is basically determined by the crystal structure [25] , is expected to play an impor- 
II. MATERIALS AND METHODS
82
The material used in our study is a natural limestone (Matagallar quarry at Pedrera, produced by limestone rock crushing) with a certain presence of small fragments (Fig. 1a) .
146
Fragmentation and surface irregularities become the dominant pattern in the images ob-
147
tained for the milled sample (Fig. 1b) of the thermally annealed sample (Fig. 1c) . A distinctive feature observed in these images 155 is the growth of single nanocrystals on the particles' surface (see Fig. 2 Thus, no effect of pretreatment on the carbonation reactivity would be foreseeable in this which is due to the presence of randomly distributed flaws or cracks in the solid [47, 48] .
258
The strength of a given particle is thus really determined by the weakest crack. Our results
259
indicate that the structural damage caused by milling promotes friability, which is thus limestone serves to promote fast conversion in subsequent cycles (Fig. 8a) . Nevertheless, 307 milling would lead also to an increase of the sintering rate by lattice diffusion in the calcina- with the cycle number observed for the milled sample (Fig. 8a) 
Long-term multicyclic conversion behavior
328
The evolution of CaO conversion in long series of carbonation/calcination cycles can be 329 described by the equation is negligible whereas sintering of the CaO skeleton is rather significant at ordinary carbon- (Fig. 10c) , where the rarely observed pores are quite large (of size ∼ 500 nm). SEM which is yet less marked than for the non-cycled samples. Note that the shift of the PSDs 440 towards smaller particle sizes is more noticeable for the pretreated samples and particularly
441
for the thermally annealed limestone, which is attributable to the development of cracks 442 on the particles as observed in the SEM images of the cycled samples ( Fig. 10b and 10c ).
443
As a result, the PSDs of the cycled samples subjected to high energy ultrasonic irradiation 444 adjust to a similar distribution regardless of pretreatment. Thus, even though heat pre- CaO skeleton with promoted surface area and therefore increased fast carbonation activity. The solid lines represent the best fit of the data to Eq. 1 (formally equivalent to Eq. 3 for m = 2).
The inset shows data (log-log representation) on the raw limestone subjected to c/r/c and c/c cycles. Curves are plotted from the best fits of data to Eq. 3 according to second and third order sintering processes (m = 2 and m = 3, respectively) and extrapolated to large N . 
